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LSS) models. The goal of this work is to find an FF Hə T-S fuzzy filter model design 
in such a way that the error system is stable and has a reduced FF Hə performance 
over FF areas with noise is established as a prerequisite. Via the use of the generalized 
Kalman Yakubovich Popov (gK YP) lemma, Lyapunov functions approach, Finsler’s 
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ness and the validity of the proposed FF T-S fuzzy of FM LSS models strategy by a 
Fuzzy systems practical application has been made. 
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NOMENCLATURE 
— wp : Matrix transposition 
— > x” : Matrix symmetry 


— M>0 : matrix M is positive 
— sym(M) : M + MT 
diag{..} : Block diagonal matrix 


1. INTRODUCTION 

During the latter decennary, various searchers studied two-dimensional (2-D) systems inclusive dis- 
crete and continuous adjustments have a lot of practices in engineering as though process control, digital filter, 
and image processing [1]-[4]. Many important results based on LMI approach have already been reported. 
Among these results, such as [5]-[16]. The main existing sources on filtering problems and disturbances are 
based on the whole full frequency (EF) area, which will give several types of filtering design [15], [16]. How- 
ever, most practical industrial applications work in a FF domain. So far, a few applications have been made 
[17]-[24]. Thus, for this we will present new approaches to solve these problems. The primary goal of our 
work is to define a fuzzy filter of discrete Fornasini-Marchesini models over FF ranges such a way that the 
error model is stable and have a reduced H FF index of a noise is established as a prerequisite. We have also 
presented an example of simulation in order to exemplify the efficiency of the suggested method. 
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2. PROBLEM STATEMENT 

2.1. System formulation 
Envisage the nonlinear FMLSS presented by: 
Rule 1: if & (s) is Ml, ... and Co(s) is M$, then, 


Zn+1,k+1 = Aun pti + Atn416 + Pausa + Bortin41,k 
Unk = Cln k + Disk (1) 
Znk = Ey 


where (Mi, i MY are fuzzy sets; x € R” is state vector; y € IR"v is measured output; z € R? is a signal to 
estimated; u € IR? is supposed to appertain to a renowned rectangular domain €), where is the recognized noise 
signal and located in the following sets of frequencies: 


Q £ {(m,u2) € Ret € m € ui; u$ < pe < ub; 
ut. u$. Hi uà € [7m m]) (2) 
Where 2, u^, u2 and ub are known scalars. We describe the nonlinear system (1) employ singleton fuzzifer, 


center-average and inference product by the following relation: 


Entikt+1 = Ar(q)tn,h+1 + Ao(Q)en4i,k + Pi(q)us nti + B2(q)Un+1,k 


1 
Yn = C(q)tuk + D(q)un,k 
Znk = E(q)£n,k (3) 
where 
Ai(q) Pi(q) t Ay By 
Ao(q) Ba(q) = Ag, Ba 
C(q) D(q) = 5 qi (¢(s)) C, Di (4) 
El) 0 = E 0 


In this work, a fuzzy filter is designed ie being as: 
Rule I: if Çı (s) is M1, ... and Co(k) is Mj, then, 


fnsipst = ÅÂuâiky + Aortiste + Bilyn k Days 
22g. = Cie (5) 


where ĉn,ẹ is state filter vector; 2, ; estimation of Zn, k; Zhi Abi: Bis Bar: C are parameters should be 
defined. We get defuzzified for system (5) is being as: 


$slk41 


Ay 
i = CQ tak (6) 
with 
Aq Bi (q) r Au Bu 
As(q) Bola) | = >> (60) | Ân Bu (7) 
C(q) il Ci 
Let En k :— p 2 E Cn,k =Yn kb — Yn,k» Then, the error model as shown in: 
Entijktt = Ar(a)énrta + Pi(g)un eua + Ao(q)En4i,e + Bo(q)un ai 
Enk = C (q)En,k (8) 
with 
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ee AE ( Ai(q) 0Bi(q)C(g) ) Bula = ( | Bia) ji Bata) = (  B»(q) i 


Ai(q) Bi (q)D(q) Bo(q)D(q) 
1 m í A»(q) . 0 - Cnm — _¢ 
Aol) = (aie Aq ) 097 CE. -ĉo ) ©) 


We express the question of this work by: we design an appropriate fuzzy filter (6) such that a error model is 
well-posed, stable satises the FF index: 


sup llen kll? < ^l una (10) 
O#un,k El2 {[0,00) ,[0,00) } 


A equation is applicable of (8) knowing the following hold: 
FSS Sen ear — Ecken) (eie — 6" 6,4) 20 


n=0 k=0 


b eo ad b cae) 
EM 2; 3 eene — e£, 1 e)" ("£i — Entik+i)] 20 (11) 


n=0 k=0 


2.2. Preliminaries 
Lemma 2..1 in [25] from (12), we could get (13). 


T + MU +UTMT * 
| -MT +GU v-e-aT |=? un 
T4 UTVU «0 (13) 


Lemma 2..2 in [19] error system (8) is stable and FF in (10) is fulfilled, on condition that there are P}, 
P5,0 < Q1, 0 < Qa, satisfying. 


( garet C(a)"D(q) j (79 B(q) 11 P Nan (wa pL. (14) 


D(q)C(q -—YI-D(a) D(q) I 0 QA -R I 0 
with 
_ P, + 2cos(u3)Q1 0 / ES D(q) 0 ; nr A : 
R = ( 0 Pa + 2cos(uh)Q2 jov = ( 0 D(q) Ji A(q) — ( Ai(q) A2(q) ); 
e "3 D 0 z = 
Q = (Qi Q)P-nema-( y Linz, Jiso-(B 9) Bld): 09 
~ a b b a b „a a b 
C) = ( us eo ) sai = HE u= n iu m 25 u35 = moe 


3. FF PERFORMANCE ANALYSIS 
3.1. Theorem 3..1 

Error model (8) is stable, FF index (10) is fulfilled, on condition that there are P, Q, Wi, W2, M4, 
M», Gi, Go, F3, H satisfying Qı > 0, Q2 > 0, Wi > 0, W2 > 0 and 


$1; $5 A? (q)GT — Mi AT(qGT cT 


* $5» BT(q)GT — M2 B'T(qgGi DT 
@ = * * P-G,—-GT A'Q-GT 0 |«0 
* * * —R 0 
* * * * —I 
—W, + sym(FiAi(q)) — FiAo(qg | —Fi-c Af (q) H7 
Y = * -W2 Az (q) "HT <0 (16) 
* * Wi, + W2 — sym(q) 
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Oi = MiA(q) +A (q)Mi ; O12 = MiB(q) + A” (q)M2 ; 929 = —7°I + M2B(q) + B^ (q) M7; 


3.2. Proof 3..2 
First, condition (14) maybe written as 


T+N'VN <0 (17) 
Where 
_ [AM BA]. p [P MQ], p_ [C(a'c(a) C(q)" D(a) 
m | Po 0 [v= aa "x [rto [0a E bar bu) a 


By using Lemma 2, (17) is equivalent to 


T-MU-UT'M* UTG- M 
| -MT +GU M ps (19) 
with 
mE 0] n fG 0 
ales e rs A E 
which, using Schur complement, leads to given (16). Consider the Lyapunov equation, such that 
W 0 1 z T 1 z 
("e m -CA0 o mwa ( Arla) Ba ) >0 Qu 
Where 
^ =s A A p — -WA 0 . ? — 
U = (Ag) al ): P= ( 0 es V=W+W2 (22) 
We chose F is being as: 
F=[F o] (23) 


4. FF PERFORMANCE DESIGN 
4.1. Theorem 4..1 

Error model (8) is stable, FF index (10) is fulfilled, on condition that there are Avs, f. E Do 
Cri, Dii, Miu, Gou, Mot, Git, Hit, Fit, V, u = 1,2,3,4, t = 1,2, Pis, Qis > 0, Wis > 0, Pos, Q2s > 0, 
Wz, > 0, s = 1, 2,3, satisfying. 


Ar | As 
A = 0; 24 
| 2 | A; | < 0; Q4) 
Qu Ore Qs EÀsi Qs he 
* O22 O23 A3; Q25 Q26 
= * * -Wa -Wz O35 AHB 
Q = E j «0 25 
* * * —We3 as Af, 25) 
* * * * Oss Ose 
* * * * * Q6 


with 
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di lia 1i3 lia lis lie 
F Aiz Mi2A2; sym|[A»;] Ags A156 
fuum i X Ass A3; Mia Aiss A136 : 
* * * laa las 146 
* * * * Ass A156 
* * * * * iss 
^u Aia Aus Aia A15 Aio Az 0 
^z A22 Âz A24 0 Ax 0 Ass 
A, =| B» 432 Au As 35 A36 37 0 
^ai As Aass Asa 0 As 0 =CP |? 
Ası A52 Ass Asa Ass Ase 57 0 
61 62 63 64 65 es 0 Ass 
As, Adis A 313 a 314 Asis A316 0 0 
* 322 323 324 325 326 0 0 
* * A333 — A334 0 0 0 0 
Ass * * * A344 0 0 0 0 
* * * * Asep ^ AN 0 0 
* * * * * Aga 0 0 
* * * * * * -I 0 
* * * * * * * —I 
Qis = FuAsj Q23 = Fi Aaj; O35 = A3; Hi; Qas = ÂJ, ET; Aus; = sym|[Ài]; 23i = sym[E À»;]; 
Ao, = A16 ass = D? — DI; A = CF; iss = -ÓóT; Kiss = sym[Mha.A»j]; Ass = Cr 
Ai = sym[MiAi]; Pau = AT; Mio + EÂ; Aus = My Ao; + At; Mis; Pun = Ad; Mia + EA: 
Aus = MuBiy+ Ai; Ma + EB; Ai, = Mii Boj + A1; Mo + EB» Ais = Mi2Bij + Bu; 
Zu = Mi»B»j + Bai; UN = MisBij + A2; Ma; Zuge = Mz B2; + BY; Mao; 
Aus = MisBoj + A2; M3; Ay; = Mi4Bı; + EBu; Ai, = Mia Boj; Ai, = —3Y I + sym[Moi B5]; 
Aig = -7I + sym[M22Ba;]; Au = AGG — Mii; Åi = AT;GTo — EV; Ais = AjjGa1; 
Au = AljGho; Ais = AGB; Ais = AGG; Ant = AGE” — Mis; Aco = Ai; — V; 
As = Aj, E*; Àa = Ajj; Aas = ÀÁLE ; Asi = A2;Gn — Mis; Ase = Ag;Gio; 
As = Aj;Gai Aza = Aj; G23 Aag = Ag; G33; Aag = Aj; Gani Ag = AXE" — Mi; 
A33 = AT. —V; Aa = ÂZ, ET; Nd = Al. Aa = ÂZ ET; 
As = BijGh 4BLE'- Mai; As2 = Bi;Gi» o Bi Ass = BẸ G2 t BYE’; Asa = BY; G2 + Br; 
Ass = BLG}; Ase = Bi;Ga4 + BLE"; Aer = Ba5Gii — Mas; Aes = Ba;Gi2 + B3 
Ae = ByGn + BYE"; Aca = B3jG + Ba Acs = B2;G23; Acs = B2jG24 + Ba E”; 
As, = Put Pa-Gu-Gh; Ass =e 7 Qu — G3; Asis = Pia + Poo - EV — Gi; 
Asia = e 75s = Goo; Asis = e 7" Qoi = G33; Asie = e 7" 595, = GA; 
A3, = Pig Pag VV" Ags = e QT — VET; As =e I Qi VT; Ag, = e T QI. 
As = e Qy — VTE"; As, = —Pii — 2cos(u$)Qui; Aas, = — Pia — 2cos(u3)Qr2; 
As, = Pris — 2cos(u3)Qis; Ass, = —Pni — 2cos(u3)Qz1; Asse = —P22 — 2cos(us)Qas; 
Ass; = —Pes — 2cos(u3)Q23; 12 = —Wi2 + At; Fio + EA; Qu = -Wu + sym(Fi A15); 
Q = -Wis +sym(Âr); Qis = -Fn + At; Hii; he = —EV + Aq; Hin; Qs = —Fia + ATE"; 
Qə = Ål,- V; Oss = Wai + War — sym(Hii); Qse = Wia + Woe — EV — Hi; 
Qs = Wist+Wo3-sym(V); E=[I 0 [^ 
The following parameters as. 
Ân = VÄ, Ai =V Aa; Bu V Bu Ba =V" Ba; Cy = Ci. (26) 
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4.2. Proof 4..2 
Parameterise slack matrices M4, M», G1, Go, Fı and H in Theorem 3..1 as. 


Mi V Ga V 
B Mi; V |. _ | Goo V|. _| Ma 0|. | Gu Vi. 
Mi = Mia 0 ; G2 = Go3 0 ZB. a abs A 
Mi V Gor V 
Fu V _| Au V 
Fem ve Ev en 


4.3. Remark 4..3 
If we take Qm = diag{Qmnh,; Qmv} = 0, m = 1,...,3, we can employ theorem 3 to settle the Ha 
filter for FMLSS nonlinear 2-D systems in EF range. 


5. NUMERICAL EXAMPLE 
Consider a 2D discrete-time model, given by [19]. 
Rule 1: if ¢:(s) is M}, Co(s) is M3, then, 


Wuaigkpl = Aun pti + A21en41,b + Bi1Un, k41 + B21Un+1,k 
Unk = Cia T Diun,k; 
Znk = PAX (28) 


Rule 2: if & (s) is M?, Co(s) is M3, then, 


Zuaqiykpl = Arn k41 + Asztn4i,k + Bi2Un, k41 + B22Un+1,k 
Unk = Cotn pn + D2Un,k; 
Zn,k = EAS (29) 
with 
0.1  —0.2 0.25 0.1 0.3  —0.2 0.25 0.1 
aec | -02 041 | us | —0.05 0.3 | aoe, | -0.2 03 | dais | —0.05 0.5 i; 
0.1 0.1 0 0 
Bu = | 0.25 | Bn = | 0.4 Ji Biz Enc | 0.28 | | B2 = | 0.2 | A ek 
C = @=[0 1] (30) 
The normalized membership function: 
1 1 
a(n) = 1 ; 92(Gn,k) = (31) 


1+ exp(—2(¢n,x — 3)) 


Suppose that the FF domain of disturbance input signal is [7, 7] x [$, 7]. Via using Theorem 4, the 
obtained matrix parameters of FF H filter are the following: 


FPE 0454 —0.1092 ] s _[ —03219] j | [| 02454 -00738].g _ [ -0.0923 ]. 
oy 0.0638 —0.2208 |^ ^| 0.0002 |^^'? ^ | 0.0010 —0.0974 |^ 7? ^ 0.1105 |" 

fx et -04527 0.7145 ] & [0194]. y _ [ —0.0101 0875 ] &  [-090017]. 
SES vmm 0.0305 —0.2105 |' ? | 00204. |'^? | 0.0174 -—0.0202 |'"? ^| 0.0201 |’ 
C, = [ -1.9560 0.4749 |; C9 — [| —1.9560 0.4749 ] ; 2) 


The comparison result with the technique proposed in Theorem 4..1 Illustrate in Table 1, that indicate 
the little conservation of the method suggest in the paper. Figures 1-3 indicate the path of states filters vectors 
$4, $9 and filtering error system of enk, respectively. From Figures 1-3, also, we could notice whether the 
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error model is stable, knowing that the initial Condition are null, we can work out fete = = 0.2205. So, the 
condition (10) is fulfilled, that signify that the error system get a specific Hə index (y = 0.2357). 


Table 1. Ha performance apply from various approaches 


Frequency domain Methods y 
[077] x [0; 7] Theorem 6 in [26] 1.7302 
[0:7] x [0; 7] Theorem 3.4 (Q=0) in [19] Inf 
[0; a] x [0; 7] Theorem 4..1 (Q=0) 0.6321 
sgialxIg: 3l Theorem 3.4 in [19] 0.6000 
z 4) x [zi 2] Theorem 4..1 0.2357 


state filter vector x1 
state filter vector x2 


40 40 


Figure 1. Trajectory of state filter vectors 71 Figure 2. Trajectory of state filter vectors 22 


Figure 3. Error enk 


6. CONCLUSION 

This work, we dealt with problematic for the FF design of FMLSS nonlinear 2-D systems over FF 
ranges. We have suggested a filter process in order to minimize the conservatism design using the frequency 
information of the disturbances and we have assumed that the disturbances are known in a recognized FF do- 
main. Also, systematic techniques have been suggested for the generation of a filtering which ensures asymp- 
totic stability and FF H index, at the basis of a more general linearization procedure. 


Improved filtering Hs, finite frequency of Takagi-Sugeno fuzzy systems (Rim Mrani Alaoui) 


2530 g ISSN: 2088-8694 


REFERENCES 

[1] M. S. Branicky, V. S. Borkar, and S. K. Mitter, “A unified framework for hybrid control: Model and optimal control 
theory,” in IEEE Transactions on Automatic Controls, vol. 43, no. 1, pp. 31-45, January 1998, doi: 10.1109/9.654885. 

[2] S. Xu and P. V. Dooren, “Robust Hæ filtering for a class of non-linear systems with state delay and parameter 
uncertainty,” International Journal of Control, vol. 75, no. 10, pp. 766-774, 2002, doi: 10.1080/00207170210141815. 

[3] T. Kaczorek, “Two-Dimensional Linear Systems,” Lecture Notes in Control and Information Science, vol. 68, pp. 
283-284, 1999, doi: /10.1007/978-1-4471-0853-5,0. 

[4] C. Du and L. Xie, “H Control and Filtering of two-dimensional Systems,” Springer Verlag, vol. 278, 2002. 

[5] X. Li, J. Lam, H. Gao, and Y. Gu, “A frequency-partitioning approach to stability analysis of 2-D discrete systems,” 
Multidimensional System and Signal Processing, vol 26, no. 1, pp. 67-93, 2015, doi: 10.1007/s11045-013-0237-4. 

[6] C. Du, L. Xie, and C. Zhang, “H control and robust stabilization of two-dimensional systems in Roesser models,” 
Automatica, vol. 37, no. 2, pp. 205-211, February 2001, doi: 10.1016/S0005-1098(00)00155-2. 

[7] H. Gao, X. Meng, and T. Chen, “New Design of Robust Hə Filters for 2-D Systems,” Signal Processing Letters, vol. 
15, pp. 217-220, 2008, doi: 10.1109/LSP.2007.913136. 

[8] H. Gao, J. Lam, C. Wang, and S. Xu, “H o model reduction for uncertain two-dimensional discrete systems," Optimal 
Control Application and Method, vol. 26, no. 4, pp. 199-227, July 2005, doi: 10.1002/oca.760. 

[9] Z. Duan and Z. Xiang, “State feedback Ho control for discrete 2-D switched systems,” Journal of the Franklin 
Institute, vol. 350, no. 6, pp. 1512-1530, August 2013, doi: 10.1016/j.jfranklin.2013.04.001. 

[10] C. Lin, Q. Wang, T. H. Lee and B. Chen, “Ha filter design for non-linear systems with time-delay through 
TS fuzzy model approach,” IEEE Transactions on Fuzzy Systems, vol. 16, no. 3, pp. 739-746, June 2008, doi: 
10.1109/TFUZZ.2007.905915. 

[11] E. Tian and D. Yue, “Reliable H æ filter design of T-S fuzzy model based networked control systems with random sen- 
sor failure,”, Int. J. of Robust and Nonlinear Control, vol. 23, no. 1, pp. 15-32, January 2013, doi: 10.1002/rnc.1811. 

[12] Y. Luo, Z. Wang, J. Liang, G. Wei, and F. E. Alsaadi, “H control for 2-D fuzzy systems with interval time-varying 
delay and missing measurements," in IEEE Transactions on Cybernetics, vol. 47, no. 2, pp. 365-377, Feb. 2017, doi: 
10.1109/TCYB.2016.2514846. 

[13] H. Nobahari, S. M. Zandavi, and H. Mohammadkarimi, “A novel heuristic filter for nonlinear systems state estima- 
tion,” Applied Soft Computing, vol. 49, pp 474-484, August 2016, doi: 10.1016/j.asoc.2016.08.008. 

[14] J. Woods and V. Ingle, “Kalman filtering in two dimensions: Further results,” in IEEE Transactions on Acoustics, 
Speech, and Signal Processing, vol. 29, no. 2, pp. 188-197, April 1981, doi: 10.1109/TASSP.1981.1163533. 

[15] H. D. Tuan, P. Apkarian, T. Q. Nguyen, and T. Narikiyo, “Robust mixed H»/ Ha. filtering of 2-D system,” Transac- 
tions on Signal Processing, vol. 50, no. 7, pp. 1759-1771, July 2002. 

[16] L. Li, W. Wang, and X. Li, “New approach to Hə filtering of 2D TS fuzzy system,” International Journal of Robust 
and Nonlinear Control, vol. 23, no. 17, pp 1900-2012, July 2012, doi: 10.1002/rnc.2866. 

[17] X. Li and H. Gao, “Robust finite frequency image filtering for uncertain 2-D system: The FM model case,” Automat- 
ica, vol. 29, no. 8, pp. 2446-2452, August 2013, doi: 10.1016/j.automatica.2013.04.014. 

[18] A. El-Amrani, B, Boukili, A. Hmamed, A. El Hajjaji, and I. Boumhidi, “Robust H. filtering for 2D continuous 
system where finite frequency specification;" International Journal of System Science, vol. 49, no. 1, pp. 43-58, 
October 2017, doi: 10.1080/00207721.2017.1391960. 

[19] Z. Duan, J. Zhou, and J. Shen, “Filter design for discrete 2D TS fuzzy systems with finite frequency specification,” 
Int. J. of Sys. Sci., vol. 50, no. 3, pp. 599-613, 2019, doi: 10.1080/00207721.2018.1564086. 

[20] A. El-Amrani, A. E. Hajjaji, B. Boukili, and A. Hmamed, “H. Model Reduction for Two-Dimensional Discrete 
Systems in Finite Frequency Ranges,” 2018 26th Mediterranean Conference on Control and Automation (MED), 
2018, pp. 1-9, doi: 10.1109/MED.2018.8442969. 

[21] A. El-Amrani, A. Hmamed, B. Boukili, and A. El Hajjaji, “Ho filtering of TS systems in Finite Fre- 
quency domain,” 2016 5th International Conference on System and Control (ICSC), 2016, pp. 306-312, doi: 
10.1109/ICoSC.2016.7507038. 

[22] S. Aboulem, A. El-Amrani, and I. Boumhidi, “Finite frequency H5, control for wind turbine system in TS form,” 
International Journal of Power Electronics and Drive Systems (IJPEDS), vol. 11, no. 3, pp. 1313-1323, September 
2020, doi: 10.11591/ijpeds.v11.i3.pp1313-1322. 

[23] Z. Lahlou, A. El-Amrani, and I. Boumhidi, “Finite frequency Hə control design for nonlinear system,” Interna- 
tional Journal of Power Electronics and Drive Systems (IJPEDS), vol. 12, no. 1, pp. 567-577, March 2021, doi: 
10.1159 1/ijpeds.v12.i1.pp567-575. 

[24] A. El-Amrani, B. Boukili, A. El Hajjaji, I. Boumhidi, and A. Hmamed, “Ho model reduction design in finite fre- 
quency ranges of discrete TS systems,” Int. J. of System Engineering, vol. 11, no. 2, pp. 89-104, 2021. 

[25] D. Peaucelle, “Unified Formulation for Robust Analysis and Synthesis where Parameters Dependent Lyapunov Func- 
tion,” Thesis of Toulouse University, France, 2000. 

[26] L. Li, W. Wang, and X. Li, “New approach to filtering of 2D TS system,” International Journal of Robust and 
Nonlinear Control, vol. 23, pp. 1989-2012, 2013, doi: 10.1002/RNC.2866. 


Int J Pow Elec & Dri Syst, Vol. 12, No. 4, December 2021 : 2523 — 2530 


